Comparisons of satellite temperature profile products from GPS radio occultation (RO) and hyperspectral infrared (IR)/microwave (MW) sounders are made using a previously developed matchup technique. The profile matchup technique matches GPS RO and IR/MW sounder profiles temporally, within 1 h, and spatially, taking into account the unique RO profile geometry and theoretical spatial resolution by calculating a ray-path averaged sounder profile. The comparisons use the GPS RO dry temperature product. Sounder minus GPS RO differences are computed and used to calculate bias and rms profile statistics, which are created for global and 30 • latitude zones for selected time periods. These statistics are created from various combinations of temperature profile data from the Constellation Observing System for Meteorology, Ionosphere & Climate (COSMIC) network, Global Navigation Satellite System Receiver for Atmospheric Sounding (GRAS) instrument, and the Atmospheric Infrared Sounder (AIRS)/Advanced Microwave Sounding Unit (AMSU), Infrared Atmospheric Sounding Interferometer (IASI)/AMSU, and Crosstrack Infrared Sounder (CrIS)/Advanced Technology Microwave Sounder (ATMS) sounding systems. By overlaying combinations of these matchup statistics for similar time and space domains, comparisons of different sounders' products, sounder product versions, and GPS RO products can be made. The COSMIC GPS RO network has the spatial coverage, time continuity, and stability to provide a common reference for comparison of the sounder profile products. The results of this study demonstrate that GPS RO has potential to act as a common temperature reference and can help facilitate inter-comparison of sounding retrieval methods and also highlight differences among sensor product versions.
Introduction
Historically, in situ measurements from the World Meteorological Organization (WMO) global radiosonde network have been the reference for characterization of atmospheric temperature profiles derived from satellite sounders (Fetzer et al., 2003; Divakarla et al., 2006; Thorne et al., 2011; Seidel et al., 2011; Reale et al., 2012) . The sensors on such radiosondes have calibrations provided by the sensor vendors, which have been shown to contain errors (Turner et al., 2003) . Due to the wide range of accuracies among radiosonde systems, it is challenging to use the existing WMO operational radiosonde network as a common reference (Seidel et al., 2009) . In current practice, it is popular to use numerical weather prediction (NWP) forecast models that assimilate WMO radiosondes twice a day as a primary way to validate sounder satellite products, because even a single model time step can provide thousands of global matchup cases with the satellite products (Fetzer et al., 2003; Divakarla et al., 2014) . However, there is a potential for circular calibration traceability paths for operational satellite product data sets when using this method due to the fact that cloudfree radiances are assimilated into NWP models, while at the same time satellite retrieval algorithms are tuned to agree with global mean NWP forecast assimilation data (McNally et al., 2006; Susskind et al., 2006) . This motivates the need for sounder validation data that have independent calibration traceability to the International System of Units (SI) (Thompson and Taylor, 2008) . One such candidate is a research grade radiosonde like the Vaisala RS92 launched at selected satellite overpass times; however, it is not economical to provide these data for more than a campaign basis from a limited number of locations (Tobin et al., 2006; Nalli et al., 2013) .
Several characteristics of Global Positioning System (GPS) radio occultation (RO) serve as reasons for why RO data can be useful for sounder comparison purposes (Yunck et al., 2009 ). RO's traceability to international standards has made it a candidate for long-term climate records (Mannucci et al., 2006; Leroy et al., 2006) . Because RO measurements are based on a common time standard, GPS RO observations from different RO instruments and networks should have similar observation accuracies (Kursinski et al., 1997; Anthes et al., 2008) . However, due to the various processing schemes offered by different data centers, there is a structural uncertainty associated with GPS RO derived products (Ho et al., 2012; Steiner et al., 2013) . GPS RO also provides very stable observations due to the high accuracy and reliability of the RO instrument clocks used to monitor the radio occultations Foelsche et al., 2008; Steiner et al., 2011) . GPS RO offers global sampling that is not biased to have more frequent observations over land, unlike the WMO radiosonde network. GPS RO gives observations for given geographic locations that are also not biased to occur for only certain times of the day, such as sounders that operate from satellites with sun-synchronous orbits at fixed local times or WMO radiosondes launched only at 00:00 and 12:00 UTC.
Beyond simply providing a useful common reference for the comparison of infrared (IR)/microwave (MW) sounder products, GPS RO may also offer valuable insight into the error characteristics of sounder retrievals. Previous studies have suggested that GPS RO could be used to assess sounder product accuracies and brightness temperature observations (Yunck et al., 2009; Ho et al., 2009; von Engeln et al., 2010; Weng et al., 2013; Feltz et al., 2014 Feltz et al., , 2013 Zou et al., 2014) . The active GPS RO measurements have higher vertical resolution than the passive near nadir sounders (Kursinski et al., 1997; Staten and Reichler, 2009; Yunck et al., 2009) . For the upper troposphere/lower stratosphere (UTLS) region, GPS RO temperature profiles may also have a smaller absolute uncertainty than current IR/MW sounder products. Example sounder rms error requirements for temperature profiles are on the order of 1.5 K or better for 3 km layers between 300 and 30 hPa, whereas GPS RO precision has been estimated by Staten and Reichler (2009) to be less than 0.5 K in the same region. GPS RO dry temperature products suffer from uncertainty in the upper stratosphere due to errors in the ionospheric corrections and in the middle to lower troposphere where they are significantly lower than actual temperatures due to the presence of water vapor (Kursinski et al., 1997; Ware et al., 1996; Hajj et al., 2002) .
The objective of this paper is to demonstrate the application of GPS radio occultation to the assessment of temperature profile products from the current operational data sets of IR/MW sounders. Examples of (1) the value of high absolute accuracy GPS RO for use in sounder product version updates, (2) the use of the GPS RO network as a common comparison reference for sounder products from different sensor platforms, and (3) differences between two current GPS RO networks using sounder data as a common reference will be illustrated. Data sources will be described, the comparison methodology outlined, and results from several comparison cases shown before concluding.
Data

GPS RO data
For this study, GPS RO data from the US/Taiwan Constellation Observing System for Meteorology, Ionosphere & Climate (COSMIC) network and Global Navigation Satellite System Receiver for Atmospheric Sounding (GRAS) instruments are used. COSMIC, also known as Taiwan's Formosa Satellite Mission #3 (FORMOSAT-3), is a mission consisting of six radio receivers in circular 72 • inclination orbits (Anthes et al., 2008) . The COSMIC network produces around 1000-2000 profiles per day with a relatively sparser sampling of the tropics than other latitudes. In contrast, the GRAS instruments are hosted onboard the Metop series of operational weather satellites in a sun-synchronous late morning orbit (Klaes et al., 2007) . This will be an important distinction to note for considering matchup data set sample sizes in statistical comparisons.
In order to use a consistent processing approach, all GPS RO data in this study are obtained from the University Corporation for Atmospheric Research (UCAR) COSMIC Data Analysis and Archive Center (CDAAC). The post-processed dry temperature products, identified by the label "atmPrf", are used. Specifically, the COSMIC data used are version 2010.2640 and the Metop-A GRAS data used are version 2011.2980. Known differences in these product versions that are likely to have the biggest impact on the results shown are located in the excess phase processing where the COSMIC data are processed in a single-difference mode and Metop-A data are processed in a zero-difference mode due to the high stability of the GRAS clock. Differences in the inversion processing between the two versions (where excess phase data are used to compute bending angle and subsequently refractivity profiles) affect the open-loop data processing that only impacts the lower troposphere, which is not considered in this study (UCAR, D. Hunt, personal communication, 2013) . Also used from the CDAAC is the ERA-40 Interim reanalysis product, labeled "eraPrf", which are profiles created by collocation of the ERA-Interim model with the GPS RO occultation profiles. Specifically, this study uses the ERA data that correspond with the COSMIC mission.
IR/MW sounder data
The temperature profile measurements derived from NASA's Atmospheric Infrared Sounder (AIRS)/Advanced Microwave Sounding Unit (AMSU) sensors on the Earth Observing System Aqua satellite are obtained from the Goddard Earth Sciences Data and Information Services Center. The Level-2 (L2) version 5.2 (v5.2) and version 6.0 (v6.0) Support Products are used, which provide temperature measurements at 101 vertical pressure levels (Susskind et al., 2011) . Quality control consists of using the AIRS L2 quality flags (Susskind et al., 2011) . In particular, this study uses a quality flag, labeled "Pbest", which determines how deep into the atmosphere the satellite retrieval is considered to be valid.
The Infrared Atmospheric Sounding Interferometer (IASI) sounder data produced by NOAA using a customized version of the AIRS science team algorithm (v5.2) are obtained from the NOAA Comprehensive Large Array-data Stewardship System (CLASS) website (www.class.noaa.gov). The data used, only available from the Metop-A satellite for the studied time period, are the L2 product named "Infrared Atmospheric Sounding Interferometer Granule Data (IASI)". Quality control is applied using the quality flag provided in the L2 data files by excluding profiles marked with nonzero values for the flag. EUMETSAT-processed L2 IASI data are not used in this study due to the fact that an expected major version upgrade was not available at the time of the study.
Cross-Track Infrared and Microwave Sounder Suite (CrIMSS) data from the Suomi National Polar-orbiting Partnership (NPP) satellite are also obtained from NOAA CLASS. Specifically, the 42 temperature layer Atmospheric Vertical Temperature Profile product is used (JPSS Configuration Management Office, 2012). CrIMSS data for the example time period May 2012 that are used in this study are version Mx5.3 and are from the time when the product was still in provisional status prior to major subsequent upgrades (Divakarla et al., 2014) . Evaluation of the NOAA products derived from the Crosstrack Infrared Sounder (CrIS)/Advanced Technology Microwave Sounder (ATMS) on the Suomi NPP satellite is ongoing and GPS RO is being used in the product calibration/validation (Nalli et al., 2013) . Quality control is applied using the overall retrieval quality flag -non-converged retrievals are not included in the analysis. Details of the CrIMSS product algorithm can be found in Divakarla et al. (2014) .
Methodology
To obtain the various GPS RO and sounder temperature profile matchup data sets used in this study, the matchup methodology described in Feltz et al. (2014) is employed. This matchup methodology has a 1-hour matchup time criterion and calculates a "ray-path" sounder profile that accounts for the GPS RO profile geometry and theoretical spatial resolution. After the spatially and temporally matched temperature profiles are found, all profiles are interpolated to be on the 101 pressure levels of the AIRS sounder product. The NASA AIRS and NOAA IASI products are already defined to be on these levels, so the CrIMSS and GPS RO products are the only profiles that need to be interpolated. After the differences of the sounder minus GPS RO profiles are computed, they are degraded to approximate 1 km layer averages, as is done to the sounder minus reference differences in Susskind et al. (2003) , Tobin et al. (2006) , and Divakarla et al. (2006 Divakarla et al. ( , 2014 . Next, bias and root-mean-square (rms) profile statistics are calculated for various time and spatial scales. The spatial regions chosen for this study are global and five latitude zones that each span 30 • latitude, except for the tropical zone which spans 60 • latitude (30 • N-30 • S). The bias and rms statistics are computed for the total number of samples within each zone without area weighting. Details of the sensitivity of this method to changes in the matchup criteria can be found in Feltz et al. (2014) .
It should be noted that this comparison methodology does not address the error contributions due to the different vertical resolutions of the GPS RO and sounder profiles in an exact profile-by-profile method. Because averaging kernels, which represent the amount of information included in (or vertical resolution of) the sounder temperature retrievals, vary from retrieval to retrieval there is a contribution of error from treating all retrievals the same in regards to their vertical resolution. Rodgers and Connors (2003) demonstrate the exact, comprehensive method for comparing remote sounding instrument retrievals using averaging kernels. In current practice, however, the validation requirements of sounder products have been defined on layers of specified heights, and the creation of validation statistics has not involved the application of averaging kernels, but the averaging of the retrieval-minus-truth differences into vertical slab layers that the requirements are defined on (Susskind et al., 2011; Tobin et al., 2006; Divakarla et al., 2006 Divakarla et al., , 2014 . Thus, though this study does not make use of averaging kernels to account for the different vertical resolutions of the GPS RO and sounder profiles, it follows the previously and currently used practice of degrading the retrieval-minus-truth differences into ∼ 1 km layers. Table 1 illustrates the approximate vertical smoothing of the applied degradation in each latitude zone for the May 2012 COSMIC/AIRS matchup case. For each pressure level of the degraded zonal differences, the corresponding average COSMIC mean sea level height and top-bounding vertical slab layer width is shown. The vertical layers range from ∼ 0.75 to 2.8 km with an average of 1.5 km between the vertical range of 1-300 hPa. The issue of vertical averaging is investigated further in Sect. 4.1.1 in a case study analysis.
In general, a comparison of independent measurements includes contributions from the uncertainty inherent in each sensor product, as well as a sampling error of the time and space domain. The method described in Feltz et al. (2014) has the distinct advantage of minimizing sampling error by performing the comparison of individual GPS RO profiles matched in both time and space with IR/MW sounding retrievals. Comparisons can then be made at larger spatial and time scales knowing sampling error has been minimized in the comparison. It should be noted, however, that though the matchups are found within a strict 1-hour time difference, the distribution of matchups for a given GPS RO and sounder satellite comparison will be distinct in space and time due to the unique orbits of the polar orbiting satellites. The AIRS and CrIS sensors operate in the same orbit but are not time coincident, while the IASI sensor on the Metop platform is in a different orbit with few coincident matchups with AIRS and CrIS.
Results
In this study, bias and rms statistics are compared to illustrate (1) changes in sounder product performance due to processing version upgrades, (2) a comparison of operational sounding products from different satellite platforms, and (3) the consistency of GPS RO products from different sensor networks and instruments. A single month, May 2012, was chosen because data were available for all three sounder comparisons. Figure 1 shows the distributions of COSMIC dry temperature at two selected pressure levels, 11 and 77 hPa, for each of the global and five latitude zones for the COSMIC and AIRS matchup set. Note in the stratosphere at 11 hPa during the month of May that the Northern Hemisphere and tropics are nearly the same temperature, much colder temperatures exist in the Southern Hemisphere, and this pressure level's temperatures reach a minimum in the Antarctic. For the tropical zone in Fig. 1 , the 77 hPa level highlights the extremely cold temperatures at the tropical tropopause. 
Assessment of sounder product version update
By using COSMIC dry temperature as the GPS RO reference, a comparison of sounder retrieval product version is presented in this section. Figure 2 compares the AIRS v5.2 and v6.0 statistics for the month of May 2012. The exact same COSMIC profiles are used in the two matchup sets, which allows evaluation of the changes due to the AIRS product algorithm. The number of matchup cases for COS-MIC and AIRS is shown in the first column of Table 2 . Feltz et al. (2014) conclude that the difference statistics become stable for a number of matchup cases greater than 200. Biases of AIRS v5.2 and v6.0 compared to COSMIC dry temperatures are generally less than 1 K between 10 and 300 hPa. Warm biases above 10 hPa of up to 2 K exist. The apparent large warm biases below about 300 hPa are due to the COS-MIC dry temperatures being significantly lower than the actual temperatures due to the neglect of water vapor.
Improvements in the AIRS global rms error of about 0.2 K are seen in the vertical range of 300 to 70 hPa across most latitude zones when the GPS RO COSMIC profiles are used as a reference. In general, there is little improvement seen in the global bias. Larger differences between the versions in bias are seen in the Antarctic zone (60-90 • S) where vertical oscillations are apparent in the differences with respect to COSMIC.
Antarctic averaging kernel application case study
In order to more fully investigate the effect of the GPS RO and sounder vertical resolutions on the matchup statistics for the May 2012 Antarctic zone in Fig. 2 , a comparison of vertical averaging methods is performed -specifically that of the slab layer degradation (as defined in Table 1 ) and application of a temperature averaging kernel. For this analysis, an AIRS averaging kernel (AK) is computed using the optimal spectral sampling radiative transfer model corresponding to the mean Antarctic zone ERA-Interim (ERA) state (Moncet et al., 2008) . This approach is consistent with the Rodgers and Conners (2003) paper, which suggests computing the averaging kernel for the mean of the comparison data set. Figure 3 shows the following comparisons done on the AIRS 101 pressure levels: AIRS minus COSMIC, AIRS minus AK*COSMIC, and AK*AIRS minus AK*COSMIC plotted in panels from top to bottom. The notation AK* denotes the application of the averaging kernel matrix, so respectively the first comparison shows non-vertically averaged results, the second shows the AK application to COS-MIC profiles only, and the third shows the AK application to both COSMIC and AIRS profiles. The top and middle panels of Fig. 3 suggest that the oscillations present in the Antarctic zone bias shown in Fig. 2 are being introduced by the AIRS product and are not caused by the higher vertical resolution of the GPS RO. It is hypothesized that the original vertical oscillations prior to smoothing are likely due to the null space error for the Antarctic conditions, as application of the AK to the AIRS products greatly reduces the vertical oscillations in the original 101 level comparisons. Figure 4 shows the mean ERA, COSMIC, AIRSv6, AK*COSMIC, and AK*AIRSv6 temperatures for Antarctic May 2012, as well as their departures from the mean ERA state. This further exemplifies that the oscillations of the AIRS minus COSMIC bias are an artifact of the AIRS retrievals. In fact, the vertical oscillations of the Antarctic zone bias are arguably larger in magnitude and more frequent in AIRS v6.0 than in AIRS v5.2, suggesting that the problem with AIRS v5.2 was not addressed in v6.0. It is outside the scope of this paper to explore the cause of this vertical oscillation in the AIRS product; however, the fact that the bias changes between version 5.2 and version 6.0 should be a clue to the root cause. The use of GPS RO data may be helpful in the resolution of this issue. and AIRS v6.0 minus COSMIC (blue) bias (solid) and rms (dashed) for the following three cases: (top) no averaging kernel application, (middle) AIRS averaging kernel application to COSMIC profiles, and (bottom) AIRS averaging application to both COSMIC and AIRS profiles. The apparent large positive biases in the middle and lower troposphere are due to the comparison with the COSMIC dry temperatures, which are significantly lower than actual temperatures when significant amounts of water vapor are present. 
Sounder product comparison
Figure 5 compares three different sounder temperature retrieval products -AIRS v5.2, NOAA IASI, and CrIMSS Mx5.3 -using COSMIC as the reference GPS RO source. Statistics of the three sounder minus COSMIC profile sets for the month of May 2012 are overlaid. The number of matchup cases for all three matchup sets are shown in Table 2 . For the May 2012 time period, the CrIMSS product is the beta release, whereas the NASA AIRS and NOAA IASI are products that have had many years of development. NASA AIRS v5.2 and NOAA IASI are nearly the same algorithm applied to the different sensors, so it is not surprising that they share many common characteristics. In contrast, the CrIMSS algorithm is an entirely new algorithm with relatively little heritage; therefore it benefits from comparison to the heritage AIRS and NOAA IASI algorithms. This example illustrates the value of having a common GPS RO reference so that products derived from any sounder satellite can be objectively compared and the differences quantified. While the global statistics in Fig. 5 show a somewhat similar bias pattern among the three sounder cases, zonal statistics such as the Antarctic zone (60-90 • S) show a wider variance between the sounder minus GPS RO bias patterns. In particular, the CrIMSS product does not have the same vertical oscillations seen in the AIRS and NOAA IASI products, which may be a clue to the source of a retrieval artifact.
GPS RO product comparison
In this section, two GPS RO products are compared to a similar sounder reference in an attempt to evaluate the differences between the GPS RO products. The motivations for the following comparison are to determine whether the presented methodology can actually detect the differences between two GPS RO products as well as attempt to quantify the error in using either GPS RO product as a reference for sounder evaluation. Specifically, NOAA IASI is used to compare the UCAR dry temperature products derived from the COSMIC and GRAS sensors. The differences in the UCAR data processing between COSMIC and GRAS are briefly discussed in Sect. 2.1. The numbers of matchup cases for this comparison are shown in top panel of Table 3 by latitude zone. Though the number of matchups for COSMIC/NOAA IASI is less than half that of GRAS/NOAA IASI in the tropics (30 • N-30 • S), this region is known to have less variability than others. The total number of profiles of the COSMIC network and Metop-A GRAS instrument is noted in the bottom panel of Table 3 . Though GRAS roughly has less than half the total number of profiles than COSMIC in most latitude zones, GRAS typically has a comparable (or greater) number of matchup cases to COSMIC, as GRAS and IASI are located on the same platform. Figure 6 shows the difference of IASI minus COSMIC and IASI minus GRAS statistics, which is the equivalence of a GRAS minus COSMIC comparison, for May 2012. Overlaid with this result is the difference of the mean COSMIC temperature (calculated by using all of the profiles, not just the restricted matchup set profiles) from the mean GRAS temperature for each latitude zone (dashed line). The global mean temperatures for the complete COSMIC and GRAS data sets are area-weighted averages which use the cosine of latitude applied to 1 • latitude bins. The two overlaid results are in qualitative agreement in the vertical range of 500-3 hPa in most latitude zones, except for the Antarctic zone. In the Antarctic zone, the apparent shift of the dashed curve from the IASI results indicates a difference in mean temperature between GRAS and COSMIC for May 2012; however, the vertical shapes of the biases are quite consistent. Above the 100 hPa level, the GRAS minus COSMIC biases grow with altitude throughout the stratosphere but with different signs for the two hemispheres. Since the hemispheric biases nearly cancel, the global bias is much smaller and would not indicate the problem that is illustrated in the zonal analysis.
Conclusions
The GPS RO dry temperature is shown to be useful for the evaluation of MW/IR sounder retrieved temperature profiles in the 300 to 10 hPa region on monthly timescales and zonal to global spatial scales. The absolute accuracy of the GPS RO COSMIC data is used to show a small temperature improvement in the AIRS v6.0 product over the previous v5.2. The GPS RO network can be used as a common reference for the comparison of sounder products from different sensors on different satellite platforms using different retrieval algorithms. The sounder minus GPS RO statistics have characteristic structures on zonal scales. In particular, the Antarctic zone tends to have the greatest sounder errors for the time period studied, May 2012. The results indicate the need for further detailed analysis of vertical resolution issues in GPS RO and sounder comparisons. These facts support the conclusion that zonal analysis and validation needs to be done for the sounder profile products, as global comparisons will hide compensating local biases.
A limited study of the consistency between COSMIC and GRAS dry temperature products, both produced using UCAR processing, was performed on zonal scales. A hemispheric bias was seen between COSMIC and GRAS products, which nearly cancels in the global mean. Further investigation of possible GRAS and COSMIC systematic biases is justified by these results.
Future work will be directed toward regional analyses, an application of the comparison method to other current operational GPS RO and sounder data sets, an extension of the comparisons to additional time periods, and a comparison of the complete AIRS L2 temperature version 5 and 6 records using GPS RO data to assess the climate quality of the sounder data.
